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INTRODUCTION 
The removal of water from soil by the use of tile drain­
age can be classified into two categories depending on 
geometrical and other conditions which influence the rate of 
drainage. The first category, the steady state, includes 
those drainage situations in which the conditions that in­
fluence the rate of flow are time independent. The second 
category, the non-steady state, Includes those drainage situa­
tions in which the conditions that influence the rate of flow 
vary with time. 
Since one objective of drainage of agricultural land is to 
maintain adequate aeration In the upper layer of soil to pro­
duce conditions favorable for the growth of the roots, it is 
important that the upper layer either stay at less than satu­
ration or that drainage is rapid enough to produce adequate 
aeration for plant growth. Those drainage situations which 
produce steady-state conditions, In which part of the soil is 
drained, are steady rainfall, artesian flow, hillside seepage, 
and special cases such as seepage from canals• 
The more general situation is the non-steady state in 
which the water table is falling after the soil has been satu­
rated or nearly so from heavy rainfall or Irrigation. 
The mathematical solution of the general non-steady state 
drainage problem which would provide a basis for drainage 
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design has not been obtained. One reason is the time depend­
ence of the height and shape of the water table. 
For purposes of this presentation, the water table is de­
fined as the locus of points in the soil at which the water is 
at atmospheric pressure. The surface of saturation is defined 
as the locus of points in the soil which forms the upper sur­
face of the sensibly saturated soil. The volume between the 
water table and the surface of saturation is defined as the 
capillary fringe. For soils which have granular structure and 
thus large pores, which drain under very low tension, the sur­
face of saturation and the water table will coincide. For a 
soil with a moisture characteristic such that no pores are 
drained until high tensions are applied, the water table may 
fall to the level of the tiles with little water flow and the 
surface of saturation would remain at the surface of the soil* 
It is clear that the non-steady state drainage case Is not a 
simple one* 
The purpose of this study was to determine the shape and 
rate of fall of the water table of non-steady state drainage 
for the situation In which the capillary fringe was well de­
fined and of small extent. 
The specific objectives were; (1) to determine the shape 
and rate of fall of the water table produced In non-steady 
state tile drainage as influenced by varying the geometry of 
the drainage system and (2) to determine the rate of tile 
discharge under the same conditions. 
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It was hoped that determinations made on experimental 
runs which varied in geometry could be used to obtain inter­
mediate values for many practical drainage problems. 
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REVIEW OP LITERATURE 
Research on drainage has produced extensive literature, 
a comprehensive review of which is contained in "Drainage of 
Agricultural Land" (J. N. Luthin, 1957). J. van Schilfgaarde 
et al. (1956) made a review as well as a critical discussion 
of the important theories for tile and ditch drainage. 
Since this presentation deals only with non-steady state 
drainage and also because of the availability of the reviews 
mentioned above, only those references which present theories 
or equations of importance in use for comparisons with the 
data at hand, and those references which are necessary for the 
understanding of the presentations will be included in this 
literature review. There is one exception, a paper by N. K. 
Kalinin and P. J. Polubarinova-Kochlna (1947), which should 
be of Interest to workers in non-steady state drainage but 
which is not directly applicable to the present work. This 
paper gives a series solution for the approximate height of 
the lowest point on the free surface in a drainage system 
where there is a single tile In a semi-infinite medium of 
uniform permeability. The usual problem as in our work deals 
with a series of tiles and with the water table height midway 
between the tiles. An English summary of the above article 
is given by Polubarinova-Kochlna and Falkovlch (1951)• This 
work will not be mentioned further. 
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The general problem of the shape of the water table or 
discharge rate of tile drains for the non-steady state has 
defied solution due to the time dependence of the upper 
boundary. Kirkham and Gaskell (1951) treated the falling 
water table as a series of steady states using the relaxation 
method to approximate the solution for the shape of the water 
table for four drainage geometries, three ditch systems, and 
one tile. 
Chi Ids (191+7) gives a series of water table shapes and 
heights which were obtained by use of an electrical analogue, 
Meisel (1957) also using an electrical analogue calculated 
discharge rates for various heights of water tables. The 
water tables used were from the author's preliminary work 
and will be discussed in more detail later. Luthin and 
Worste11 (1957) presented water table shapes and discharge 
rates for a laboratory study using a full-scale sand tank 
system, A limitation of the system was that the smallest 
ratio of tile spacing to tile depth was too small for most 
practical work. This same limitation was found in Child's 
analogue system. 
Glover, as reported by Dumm (1954) and discussed by 
van Schilfgaarde et al. (1956), proposed two equations for tile 
spacing; one was derived for the drainage situation in which 
the Impermeable layer is at great depth; another was derived 
for the drainage situation in which the tiles were resting 
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on the impermeable layer. 
This author knows of no other papers than those cited 
above which deal directly with the problem at hand. 
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EXPERIMENTAL 
Construction of the Model 
Model studies have been profitable for studying steady-
state drainage problems, since in a model it is possible to 
define the conditions which influence the functioning of the 
system as well as to vary these conditions to obtain a more 
complete analysis of the problem. The falling water table has 
not been amenable to solution by the use of models except when 
the full scale is used, as that of Luthin and Worstell (1957)» 
because of the capillary fringe. Reduced scale models cannot 
be used unless a suitable method of scaling the capillary 
fringe is found. 
It was found by preliminary investigations that the use 
of a model with plexiglass for the porous medium container, 
glass beads as porous medium, glycerol as fluid, and cylindri­
cal brass screens with 16 meshes per inch as tiles, produced 
a suitable scaling of the capillary fringe. 
The plexiglass was easy to use in construction and also 
allowed visual observation of the porous medium and fluid 
system. The glass beads, commercially available, were 2 mm 
in diameter. They were treated with a commercial silicone 
material "General Electric SC 87 Dri Film" thus giving a 
wetting angle with water or glycerol of about 90°, 
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Glycerol absorba water from the air and thus it is im­
possible to maintain pure glycerol in contact with air. The 
glycerol used in the system was allowed to come to partial 
equilibrium with the moisture in the air so that changes in 
water percent would be small. The glycerol-water mixtures, 
which were used in the model, will be referred to as glycerol 
even though there was about 10% water in them. 
The viscosity of glycerol is highly temperature sensitive. 
The viscosity of a 9$% glycerol-water mixture changes lj.0% when 
the temperature changes from 2$° to 30° C (Hodgman, 195»1, 
p. 1843 and Lawrie, 1928, p, 196). For this reason, it was 
necessary to operate the model in a room in which the tempera­
ture did not have large changes. This was accomplished by 
using a room in the sub-basement of the Agronomy building in 
which the air temperature varied less than 1° C during the 
period in which the data were obtained as shown by thermograph 
records. The maximum change occurred between 3:00 A.M. to 
6:00 A.M. when the model was seldom operated. 
Viscosity measurements showed that the viscosity of the 
glycerol changed very little during the obtaining of the 
experimental data due to moisture changes, but there would be 
some variation due to temperature changes. Errors due to 
these changes will be discussed later. The scaling of the 
capillary fringe by the use of the 2-mm diameter glass beads 
will also be discussed later. 
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The glass beads reflect light when surrounded by air, but 
when surrounded by water or glycerol, the light is transmitted. 
Thus, by using frontal illumination and a black background on 
the model, the area below the surface of saturation appears 
dark and the area above the surface of saturation appears light. 
This property allowed for the recording of the shape and posi­
tion of the surface of saturation by photography. 
A schematic view of the front of the model is given in 
Figure 1. Photographs of both front and back of the model are 
given in Figure 2, the front view being given in the upper 
half. 
The front and back of the model were each made of two 
pieces of plexiglass with the pieces joined by fastening a 
third piece to the outside of the model with brass machine 
screws. The joint with the brass screws is visible in the 
upper photo of Figure 2. 
The inside dimensions of the model were 200 cm long, 
10 cm deep, and 1.9 cm from front to back. There were two rows 
of tiles 0*5 cm in diameter. One row was placed with centers 
0.5 cm from the bottom of the model (an impermeable layer); 
the other row was placed with centers 11 cm from the bottom. 
The tile spacing in the lower row was 25 cm from center to 
center of the tiles, while that of the upper row was 50 cm* 
A system of valves, which can be seen in the photograph 
of the back of the model in Figure 2, permitted control of 
r 
Figure 1. Schematic diagram of the model with the important 
dimensions* 
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Figure 2. Two photographic views of the model as set up 
for operation. Top photograph is front view. 
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an individual tile or of an entire row of tiles. 
To be able to study two-layer systems as well as 
homogeneous systems, beads of 5- and 0.5- mm diameter were 
used. These beads were used as sublayers to provide layers 
of higher or lower permeability than the 2- mm bead layer in 
which the surface of saturation always moved. An elevated 
reservoir was connected to the multiple valve as seen in 
Figure 2. By opening the multiple valve and suitable indi­
vidual valves, glycerol could be introduced by gravity into 
the model to saturate the beads. Another reservoir (see the 
lower center of the back view of the model, Figure 2) was used 
to hold glycerol which was drained from the tiles. The large 
tube leading from the lower reservoir was for elevating 
glycerol up to the upper reservoir by suction provided by a 
vacuum pump attached to a tube at the top of the upper 
reservoir. 
The border around the model as seen in Figure 2 was a 
plywood support on which the essential information for a given 
geometry was placed. A clock was also mounted at the end 
of the model by use of this support. The white racks, seen in 
the lower photograph of Figure 2, held graduate cylinders for 
use in measuring tile discharge. There was a grid system 
ruled onto the face of the model to facilitate analysis of 
the photographs. The grid rulings were 2 cm apart in the 
vertical direction and 5 cm apart in the horizontal direction. 
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Verification of the Model 
A scale model for drainage research must satisfy certain 
conditions in order to yield valid information for drainage 
theory and design. It must be a scale model geometrically. 
It must also maintain the same type of flow which is found in 
normal drainage problems, namely, laminar flow. The model 
must also be such that accurate means for recording the data 
are feasible. 
To determine the extent to which the model described in 
the previous section fulfilled these requirements, various 
tests were made. 
Geometrical verification 
Geometrically the model was scaled to use 1.0 cm equal to 
1.0 ft except with regard to the size of the particles compris­
ing the porous medium. Two problems are involved with particle 
size. The first problem is the size of the voids at the 
boundaries where the spherical beads contact the plane walls 
of the model. According to Franzini (1956), when one uses 
spherical shot in a cylindrical permeameter, the effect on 
permeability of the large pores next to the wall, where the 
packing is less dense, will be negligible when the ratio D/d 
is equal to l+O or more, where D is the diameter of the 
permeameter and d is the diameter of the shot. From the 
dimensions of the present model, if we assume that D is equiv-
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aient to the 1.9 cm from the front to the back of the model, 
the ratio D/d will be 9.5» which is not large enough according 
to Franzini. From data of Figure 1 of Franzini where he plots 
D/a versus porosity, the apparent porosity of a system with 
the ratio of 9.5 would be about 0.41 instead of a value 0.38 
which would be obtained where the ratio D/d is 4.0. Measure­
ments of porosity in our model gave a value of O.ij.0 and the 
value of permeability was 8# higher than values obtained in 
a permeameter with a ratio of 40 or more. This wall effect 
was taken into account in calculating the permeability and 
porosity for the model from data obtained outside of the model. 
The other geometry problem was the size of the capillary 
fringe. In order to measure the size of the capillary fringe, 
a system as in Figure 3 was used. Two plexiglass columns 
(cylindrical containers) were mounted on ring stands and 
clamped so that either column could be raised or lowered. 
There was a tube leading from each column to one of a pair of 
manometers as shown; and there was another tube connecting the 
two columns so that any differential pressure between the 
columns could be equalized by J1 low through the tube. The tube 
labeled bead-filled column was filled to the level D with 
beads 2 mm in diameter which had been treated with silicone 
as discussed previously. Glycerol was added to the column 
labeled open-column and allowed to flow into the bead-filled 
column and to equilibrate as shown when the levels 5 and C 
were of equal height. The levels labeled A and E are the 
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levels of glycerol and the surface of saturation respectively. 
To obtain a reading on the magnitude of the capillary fringe, 
the elevation of one of the columns was either lowered or 
raised so that the surface of saturation would move. The 
difference in height between A and E was recorded when the 
system had reached equilibrium. The difference could be 
either positive or negative; that is, A could be above or 
below E. 
A series of 15 readings was taken, eight when the surface 
of saturation E was rising and seven when E was falling. An 
analysis of the differences between the levels A and E show 
that there was a difference of 0.64- 0.05 cm when the surface 
of saturation B was rising with point A staying higher than 
E at all times. When the surface was falling, the difference 
was 0.76- 0.05 cm with E being higher than A. The £ 0.05 
values are the 99% confidence limits assuming that the errors 
were normal and independently distributed. 
The above data indicates that there was a drag force which 
resisted the movement of the surface of saturation and it was 
larger when the surface moved in the downward direction* It 
appeared that when the glycerol-air interface moved toward the 
glycerol side of the interface, there was an added force re­
quired to move the interface equivalent to 0.13 cm of glycerol 
head. This force may be caused by surface tension forces 
which must be overcome before a bead can pass from the glycerol 
Figure 3. Schematic diagram of the system used to measure 
the size of the capillary fringe. 
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side to the air side of the interface# This was partially 
verified by microscopic examination of the behavior of the 
glycerol surfaces in contact with the silicone-treated glass 
beads. If a plane surface of glycerol was lowered over a 
single glass bead, a mound was formed before the film or sur­
face would separate. The surface would then drop rapidly to a 
point just below the center of the 2- mm diameter bead. The 
angle of wetting was also observed and was found to be 
approximately 90° as stated by Norton (1944)* 
The important point is that even though the beads had a 
wetting angle of 90° and should have supported no capillary 
rise, there was a resistance to motion of the surface of 
saturation which gave a pseudo-capillary fringe which was 
approximately 0.75 cm or a scale distance of 0.75 ft. This 
pseudo-capillary fringe is referred to as a capillary fringe 
throughout the presentation even though it is not produced by 
capillary forces. The height 0.75 ft would be a reasonable 
one in s oils » 
Laminar flow verification 
Musket (1946, p. 67) gives a "Reynolds" number of 1 or 
less as a conservative upper limit of laminar flow. Franzini 
(1956) gives 5 as the upper limit of laminar flow. 
It was considered possible due to convergence that the 
"Reynolds" number might approach the critical value near the 
tiles where velocity would be highest. The calculated. 
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"Reynolds" number for flow near the tiles during maximum 
discharge was only 0.02; thus, laminar flow in the model was 
assured. 
Theoretical verification 
The rate of discharge from the tiles, when there was 
ponded glycerol on the surface, was compared to a value calcu­
lated by use of equation 11 of Kirkham (1949). 
Using the geometry, a = 50 cm, d = 8 cm, r = 0.25 cm, 
h = 19 cm, k = 0.0222 cm/sec, ponded glycerol depth = 1.1 cm, 
the experimental value was 0.47 cm^/sec; and the calculated 
value was 0.44 cm^/sec. The difference of 7% could be due to 
errors in calculation of the K of the model as discussed later. 
Summary 
The above discussion indicates that the model meets the 
required conditions at least to a degree suitable for obtaining 
information valuable in drainage theory and design. 
Experimental Procedures 
During operation, the model was filled with beads to pro­
vide the desired geometry; then the valves in the lines to 
the elevated reservoir were opened and the beads entirely 
saturated. Since the flow of glycerol usually disturbed the 
beads, they were then repacked to give a uniform surface and 
to give as nearly as possible a uniform porosity and 
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permeability. It was assumed that the value for porosity was 
always O.ij.0 since this was the value which was measured during 
preliminary studies and also since it would be impossible to 
measure the slight variations in the packing which might occur 
from one run to the next. Any excess glycerol was drained 
off through the tiles so that the bead surface and surface of 
saturation coincided as nearly as the operator could determine. 
The support with the essential description of the geometry 
was put in place. White spots were placed on the face of the 
model to indicate which tiles were to be operated. The clock 
was started at the same time as the tiles were opened. Thus, 
as drainage proceeded, the photographs made of the model in­
cluded all essential data with each succeeding shape of the 
surface of saturation. The glycerol discharge from the tiles 
either ran into trays which drained into the large reservoir 
or the discharge was caught and measured to obtain values for 
rate of discharge. 
By this procedure, it was possible to obtain the rate of 
fall and shape of the surface of saturation as well as the 
rate of tile outflow for a particular geometry. 
The glass beads, which were the porous medium in the 
model, and the glycerol, which was the fluid, represented the 
soil and water of a usual drainage system* In the soil and 
water system, changes in the viscosity of water with tempera­
ture are small and thus the conductivity and permeability vary 
only by a constant since K = kT g^a, where K is the conduc­
tivity, k is the permeability of the porous medium, Kis the 
density of the fluid, g is the gravity constant, and/ris the 
viscosity of the fluid. In the model, conductivity varies 
greatly from permeability since viscosity of glycerol varies 
with both percent of water and temperature as discussed pre­
viously. For this reason, the author uses the value K since 
it includes the effect of both permeability and viscosity* 
For simplicity, the following symbols will be used: tile 
depth d, tile spacing a, tile radius r, tile length L, distance 
from surface of porous medium to the impermeable layer h, 
depth to the surface of saturation from the bead surface Z, 
conductivity K, permeability k, tile discharge Q, porosity f, 
and time t. Time was calculated from the time the tiles were 
open or, as the data may later be used, from the time at which 
the soil was entirely saturated with no ponded water. 
The following values were constants for the model during 
the experimental work: r = 0,2$ cm, f = O.lj.0, L = 1.9 cm. 
The viscosity^ for the glycerol was assumed constant although 
small variations in temperature occurred and there was a small 
increase in the water content with time. The range in glyc­
erol viscosity as measured was about with an average 
value of 3»75 centipoise. 
There is a certain amount of head loss in any tube or 
valve especially with glycerol as the fluid. Thus, in the 
2 k  
model, there was some head loss In the valve system even 
though the valves were made very simple. To measure the 
amount of head loss, a preliminary model was run without any 
beads in the system and values of Q were recorded. The data 
showed that there was enough resistance to flow that it would 
make it necessary for corrections to be made for head loss. To 
avoid the corrections, the tile screens were then changed from 
the original ^ 0-mesh screens to the 16-mesh screens as described. 
The size of the outlet tube was increased from 0.5 cm as in 
the tiles to 1 cm so that resistance would be less. The dis­
charge values were then found to be 1.33 cm^/sec for a head of 
Ij. cm, 0.8? cm^/sec for 2 cm of head, O.lj.33 cm^/sec for 1 cm 
of head, 0.25 cm^/sec when tiles were just running full, and 
0.16 cm^/sec when tiles were running half full. Thus, any 
errors due to back pressure in the tiles would be negligible 
since it can be seen from the above data that values of dis­
charge of up to 15 cm^/mln could be obtained with negligible 
back pressure from resistance in tiles. When the beads were 
in the system, this discharge was exceeded only for the first 
few minutes of those geometries in which high discharge could 
be expected. 
To accomplish the objectives as outlined, seven basic geo­
metrical systems were used in which the location of the tiles 
were varied with respect to an impermeable layer or with respect 
t® the top of a sublayer which had a conductivity value Kg 
/ 
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different from the value of the layer at the tiles# 
The seven basic geometries which were used may be 
described as follows: (l) homogeneous system with (h-d) 
= 11 cm, (2) homogeneous system with (h-d) ~ 2r ~ 0.5 cm, 
(3) two-layer system with K]/Kg = O.lj., (h-d) = 11 cm and with 
the sublayer at y = (h-d), (ij.) two-layer system with K]/Kg 
= 0.4» (h-d) = 11 cm and with the sublayer at y = (h-d), 
(5) two-layer system with K^/Kg = 0,fy, (h-d) = 11 cm and 
sublayer at y = -2r, (6) two-layer system with K^/Kg = 20, 
(h-d) = 11 cm and with sublayer at y = -5 (h-d), and (7) two-
layer system with K^/Kg = 20, (h-d) = 11 cm and with sublayer 
at y = -4 (h-d). 
To complete the description of the geometries, each of the 
basic geometries was used with all combinations possible of 
the values of d = 2, If., 6, and 8 cm and a = 50, 100, 200, and 
it-00 cm giving a total of 112 combinations. A few combinations 
with wider spacing for d - 2 cm were omitted for some of the 
geometries and two geometries for the second basic geometry 
above and one for the fifth basic geometry were added to give 
a total of 110 geometries studied. Photographs were taken so 
as to cover most of the range of fall of the surface of satu­
ration which might be of interest in drainage design for all 
110 geometries and discharge data were obtained on many of them. 
As nearly as possible, at least eight photographs were taken 
of each run and eight or more discharge values. Discharge 
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readings were taken to coincide with the times of the photo­
graphs as feasible. In all except two cases, enough photo­
graphs were obtained so that the entire range could be evalu­
ated. All of the photographs for a complete run were mounted 
into a composite photograph by trimming off the description 
of the geometry, as seen in the upper half of Figure 2, from 
all but the first and last photographs. The description which 
appears below the model in the first photograph and the de­
scription which appears above the model in the last photograph 
was also trimmed off. Thus, as the series of photographs was 
mounted in sequence, all of the necessary information was in­
cluded along with the clock for each Individual photograph 
(for example, see Figure 21+ of the appendix). 
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RESULTS AND DISCUSSION 
Fall of the Water Table 
The composite photographs of the shapes of the surface 
of saturation are given in Figures 21*. to 51 of the appendix. 
Values of t for Z = 1 cm are given in Table 2 of the appendix. 
These values were obtained from the composite photographs* 
The t-values of Table 2 were then used to calculate values of 
tK/Z, this quantity being a dimensionless number which can be 
used in drainage design. The values of tK/Z versus the 
a/d-ratio used to obtain the particular t are plotted in 
Figures 4 to 10. 
It would have been better if the dimensionless value f 
had also been added to the value tH/Z, but this was not 
realized until the data had been calculated and figures 
drafted as they appear. 
For a numerical example to demonstrate the use of the 
data of the figures for drainage design, let us take the 
following geometry for homogeneous soil using the subscript 
p to denote practical field values end the subscript m to 
denote model values : Kp = 0.75 ft/day, fp = 0.05, and (a/d)p 
= 20 (as for ap = 80 ft and dp = 4 ft). Then one may calcu­
late the time tp for the surface of saturation to fall to 
Zp = 1 ft. From Figure 4, which is for such a geometry, we 
obtain a value of 16 for tK/Z when a/d = 20. Thus, since 
Figure 4» Values of tK/Z as a function of a/d of systems 
with the geometry as given. The geometrical values 
which are given to describe the geometry will be 
constant for all of the data of the figure. The 
quantity t is the time for the surface to fall a 
depth Z at the mid-tile point; K is the conduc­
tivity. 
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Figure 7» Legend same as Figure See the figure for 
the specific geometry. 
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TWO LAYER SYSTEM 
SUBLAYER AT y »-1/4(h-d) = -2.75 CM 
10 
f = 0.4 
K,= 1.23 CM/MIN 
K/K2= 20 
r 
Z 
0.25 CM 
I CM 
BEAD SURFACE 
IMPERMEABLE# 
I I , , . / , .  I  i  !  t  t  t  t  »  !  é t  »  !  »  »  .  / /  /  /  /  
I I J I I I I I I 
10 
o/d 
100 
r i f  
Figure 8. Legend same as Figure 4. See the figure for 
the specific geometry. 
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(tK/Z)m(l/f)m - (tK/Z)p(l/f)p 
we have 
tp = (tK/Z)m(l/f)m/(K/Z)p(l/f)p 
Therefore, since f for the model = 0*4» we find 
tp « (16) (1.04)/[(0.75 ft/day)/l ft) (1/0.05) 
= 2.67 days 
The values from the tables could also be used to calcu­
late the a/d-ratio for use in design. If the critical value 
of tp for a soil to be drained to a depth Zp - 1 ft Is 2 days, 
and if Kp = 0.2 ft/day and f = 0.025 and (h-d)p = 0*5 ft, 
then equation 1 reduces to 
(tK/Z)m = (fm/fm)(tK/Z)p 
= (0.4/0.025)(2daye)(0.2 ft/day)/l ft. 
= 6.4 
Then from Figure 5» we obtain with tK/Z * 6.4 the value of 
a/d = 7.2 so that if d = 4 ft then a = 4 * 7.2 = 28.8 ft. 
The value of r was not given in the above example. In 
consideration of work by Kirkham (1949)» the value of r is not 
critical. The size of the tile, as long as It develops no 
back pressure, has little effect on tile discharge over a wide 
range as long as the tile center is in the same position 
relative to the rest of the geometry» It should be remembered 
that in the model r = 0»25 cm always, and that there was 
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negligible back pressure in the tiles. 
It is of interest to compare the data of Figure 4 with 
the data of Figure I), of Kirkham and Gaskell (195*1) # Their 
curve when TK/f = 6 ft has values Z » 0.75 ft and a/d = 7» 
For the model, tK/Z =2.9 for a/d = 7» as obtained from the 
present Figure 4* In a comparison of the two values using 
the notation TK/f for their value and the notation tK/Z for 
the model value, the result is 
TK/fZ = 6 ft/.75 ft = 8 (Kirkham-Gaskell) 
(tK/Z)(l/f) = 2.9/*4 = 7.25 (present work) 
Thus, the values are close if the water table of Kirkham and 
Gaskell is taken to be the surface of saturation as suggested 
by Luthin and Worstell (1957)« 
It may be noted by examining the shapes of the surface 
of saturation in the figures of the appendix that the time for 
the surface to fall directly over the tile is a small part of 
the time for it to fall an equal distance at the mid-tile 
point. From this, it is safe to say that the values of t 
given in Table 2 and used in Figures 4 to 10 are at least 
fair approximations of the time it would take for the surface 
of saturation to fall the distance equivalent to 1 cm as long 
as the soil was saturated to the surface at the mid-tile 
point. This is especially true for the wider spacings of the 
tiles. 
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It should also be mentioned that during early work with 
the model and during the filming of a time-lapse motion 
picture, which was presented at the annual Meeting of the Soil 
Science Society of America in 1956 at Cincinnati, Ohio, the 
author did not make an effort to maintain zero pressure in 
the tiles. In fact, to accentuate the curvature of the sur­
face of saturation during the filming of the motion picture, 
a negative pressure was produced. The author regrets that 
this point was overlooked when Meisel (1957) was given the 
pictures that were used in his work. This negative pressure 
would cause the phenomena which he observed in which the 
surface of saturation near the tile was too low for the 
geometry used. The effect of suction is evident in a few 
cases as in Figure 4-7? note the second and third tiles from 
the left where the surface is lower than for the fourth 
tile for the early part of the run. 
Rate of Tile Discharge 
The tile discharge data are given in Figures 11-23. 
The data are plotted as dimensionless functions of Q/KLd 
versus tK/a. These figures can be used to obtain Q-values 
per foot of tile for a given time after the surface of 
saturation was at the surface of the soil if the general 
geometry is similar to one used in the model study. For given 
values of K, t, L, d, and a, the values can be calculated from 
Figure 11* Values of Q/KLd as a function of £tK/a] for 
the geometry as shown (when Q is the volume 
of discharge per unit time for a tile of 
length L and K is the conductivity). 
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HOMOGENEOUS SYSTEM 
IMPERMEABLE LAYER AT y= -(h-d) 
= -11 CM 
~ a = 50 CM r = 0.25 CM 
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d = 4 CM 
BEAD SURFACE 
u  i > /  t > > /  n  
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0.0 0.2 Q4 06 OS î!ô 
1/ tK/a 
Figure 12. Legend same as Figure 11. See the figure for 
the geometry. 
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HOMOGENEOUS SYSTEM 
IMPERMEABLE LAYER AT y =-(h-d)  
= -11 CM 
a = 100 CM r = 0.25 CM 
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Figure 13. Legend same as Figure 11. See the figure for 
the geometry. 
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Figure 15. Legend same as Figure 11. See the figure for 
the geometry. 
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Figure 16. Legend same as Figure 11. See the figure for 
the geometry. 
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Figure 17. Legend same as Figure 11. See the figure for 
the geometry. 
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TWO LAYER SYSTEM 
SUBLAYER AT y - - 1/2 (h~d) = - 5.5 CM 
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Figure 18. Legend same as Figure 11. See the figure for 
the geometry. 
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Figure 19» Legend same as Figure 11. See the figure for 
the geometry. 
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Figure 20. Legend same as Figure 11. See the figure for 
the geometry. 
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Figure 21. Legend same as Figure 11, See the figure for 
the geometry. 
66 
TWO LAYER SYSTEM 
SUBLAYER AT y = -l/4(h-d) = -2.75 CM 
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Figure 22. Legend same as Figure 11. See the figure for 
the geometry. 
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TWO LAYER SYSTEM 
SUBLAYER AT y = - l/4(h-d) = -2.75 CM 
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Figure 23» Legend same as Figure 11. See the figure for 
the geometry. 
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one of the figures. For example, if Kp = 10 ft/day, dp = 
4 ft, ap = 100 ft, Lp = 1,000 ft, and the general geometry 
is as given in Figure 12. The value of (Q/KLd)m is from 
Figure 12 using m and p as before and using the equation 
Of = (KLd)f(Q/KLd)m 
we find 
= ij. x 10^ ou ft/day x 0.78 
= .361 ft^/sec 
The equations of Glover reported by Dumm (1954)» dis­
cussed by van Schilfgaarde ejb al. (1956), for calculating 
the tile spacing can be used in a comparison with the model 
data. One equation is for a homogeneous system similar to 
the one used in the model when the impermeable layer is at y -
-(h-d) = 11 cm. Table 1 gives the spacings to give the 
drainage rate so that Z = 1 cm for the times given in Table 2 
of the appendix. The values of t are for values of d = i|, 
a = 100 for each of the general geometries, but in the equation, 
the value of (h-d) is held constant at 11 cm to show the 
effect of the changing geometry. Glover's equation is: 
S = £(tT>-2K/2f)(2h-d) In WlT (d-Zj] & 
in the notation used in this presentation. Assuming constant 
values of Z, h and d as above, the equation becomes 
S = C t* 
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Table 1. Tile spacing, per "Glover's" equation, for 
d = 4 cm, h = 15 cm, k = 1.23 cm/mln, and Z = 1 cm, 
for various values of t taken from Table 2 of the 
appendix when a = 100 cm 
Geometry of the system Tile spacing 
cm 
Homogeneous; impermeable 
layer at y = -(h-d) = -11 cm 60.4 
Homogeneous; impermeable 
layer at y * -2r = -0.5 cm 87.6 
Two layers ; sublayer at y = 
-£ (h-d) K1z/K2 = 20 60.1+ 
Two layers ; sublayer at y » 
-i (h-d) Ki/K2 = 20 71.0 
Two layers ; sublayer at y = 
(h-d) Ki/K2 = 0.4 53.3 
Two layers ; sublayer at y = 
-& (h-d) KX/K2 = 0.4 45.0 
Two layers ; sublayer at y = 
-2r Ki/Kg = 0.4 37.0 
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where 1 
C = lij..2/sec® 
The values in the tile spacing values in Table 1 would 
be 100 if Glover's equation agreed with the model. 
In a comparison of "Glover's" equation made by 
van Schilfgaard et al. (1956), it was found that values of 
spacing were lower than field values. 
74 
DISCUSSION OF ERRORS 
In the use of the model, there was found to be several 
sources of errors, many of which have already been mentioned. 
Measures were found and used which eliminated or greatly 
reduced most of them. 
As has been discussed, glycerol varies in viscosity both 
with temperature and amount of water absorbed. To remove as 
much of the error from this source as possible, the model 
studies were carried out in the sub-basement of the Agronomy 
building where the temperature did not vary more than l°Ce 
The error caused by this much variation would be about 8$. 
To control the variation in viscosity and to help remove 
errors from this source, the glycerol was allowed to equili­
brate with the air for several months before the data were 
taken. The range in viscosity caused by water absorption 
during the time the data were taken was l{..5/£* Special 
Ostwalt viscosimeters were designed with large bored 
capillaries to use in the measurement of the viscosity. 
Another source of error was realized during preliminary 
work, but it was almost completely removed by the use of the 
grid system on the face of the model. It is a well-known 
fact that photographic papers are not dimensionally stable 
and thus, measurements of the surface of saturation obtained 
from the photographs would have had an error caused by 
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distortion* 
It was also found that contact prints from 3è x ^  inch 
cut film gave much better detail in reproduction than 35 mm 
enlargements as originally used and at a lower cost. 
The reading of the exact location of the surface of 
saturation cannot be done closer than 2 mm when observing 
the model directly due to the size of the beads. This error 
is apparent also in the data taken from the photographs as 
it appears in Table 2 of the appendix. This is one of the 
limitations of the model which was not overcome. The only 
way that this author knows for obtaining a better estimate of 
the exact location of the surface of saturation for a partic­
ular t with a given geometry would be to make repeated runs. 
With t and Z values from each run, the data could be used in 
standard statistical estimation. The author felt that the 
additional information did not justify the time and cost 
requiredo 
The problem of negative pressure has already been dis­
cussed* This is caused by having a short vertical section 
of the valve filled with glycerol. Caution was exercised to 
avoid this, and when it occurred in those geometries where 
there were not enough tiles to obtain readings, by omitting 
some of the tiles, the run was stopped and rerun. 
Other precautions, which had to be taken, were maintain­
ing the model absolutely level, preventing any leakage from 
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any point in the model other than from the operating tile, 
and making sure all of the information as needed was correctly 
placed for photographing. 
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SUMMARY AND CONCLUSIONS 
A scaled drainage model was constructed and verified. 
The model was made of plexiglass and brass screen cylinders 
as drains, with glass beads as the porous medium and glycerol 
as the viscous fluid. Tests were made to determine the 
validity of the model by showing that the flow was laminar as 
in field drainage and that scaling had been accomplished on 
the dimensions of the model and size of capillary fringe, 
A series of experimental runs was made in which the 
geometry of the system was varied through a wide range of 
values of tile spacing and depth for each of seven basic 
geometries. These basic geometries consisted of variations 
of the location of the tile with respect to the impermeable 
layer, in the case of a homogeneous porous medium, and of the 
location of the tile with respect to the surface of a sublayer 
in a system with two layers of different conductivity. 
The data are presented in the form of photographs of the 
shape of the surface of saturation and in figure form using 
dimensionless functions of the values of discharge rates or 
times of fall so that the data can be easily used in drainage 
design. Numerical examples of such use are included for 
clarity. 
Comparisons between the data obtained for rate of fall 
of the surface of saturation and data of Klrkham and Gaskell 
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(1951) showed, for their special case, reasonable agreement. 
Calculated spacings using "Glover1s" equation were lower than 
experimental values. 
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Table 2. Time in minutes for the surface of saturation to 
fall 1 cm at mid-tile location 
Description of Tile Tile spacing cm 
general geometry Depth 
50 400 of system cm 100 200 
Homogeneous, im­ 2 20 40 120 480 
permeable layer 4 6 18 58 240 
at y * -(h-d) 6 3 10 30 120 
= -11 cm 8 2 — 20 60 
Homogeneous, im­ 2 30 
permeable layer 4 14 38 18 0 980 
at y = 2r = 0.5 cm 6 
8 
6 25 90 420 
4 19 58 300 
Two layers, 2 20 42 180 mm 
sublayer at y = 4 6 18 58 270 
(h-d) = 5.50 cm 6 
8 
12 42 180 
K1/K2 = 20 2 9 26 70 
Two layers, 2 20 
sublayer at y = 4 6 25 64 257 
-£ (h-d) = 2.75 cm o 
8 
4 12 49 196 
Kj/K^  = 20 2 9 36 80 
Two layers, 2 14 30 60 
sublayer at y « 4 6 14 30 106 
(h-d) = 5.5 cm 6 
8 
3 6 18 58 
Kl/^ 2 = 0*4 2 4 15 42 
Two layers, 2 10 26 42 120 
sublayer at y » 4 4 10 26 58 
(h-d) = 2.75 cm o 
8 
3 8 18 42 
K1/K2 = 0.4 2 4 10 26 
Two layers, 2 10 18 42 
sublayer at y » 4 3 7 20 60 
—2r » -0*5 cm o 
8 
2 5 14 42 
Kj/Kg = 0.4 1 3 10 30 
Figure 2l|. Composite photographs of the model showing the 
change of the shape and height of the surface of 
saturation with time. The boundary between the 
light and dark areas is the surface of saturation. 
The location of the tiles are marked by white 
spots on the face of the model. Note that the 
clock runs counterelock wise. The numbers on the 
face of some of the clocks indicate minutes lapsed 
since tiles were open and surface of saturation 
was at surface of the beads when time lapse is 
more than one hour. The defining geometry is as 
shown. 
86 
TILE DEPTH tdi-2 TILE Sf%CINGW=30 
: I IMPERMEABLE LAVER AI Y = -|W) 
" HE DEPTH i'..i , 
IVPFSi.'FARt vl-ACINGk: IOO Y : -iH-j: 
TILE DEPTH Id! = 2 TILE SPACING M = 200 
IMPERMEABLE LAYER AT Y = -|h-d) 
TILE DEPTH U: = 2 TILE SPACINGfai = 400 
IMPERMEABLE LAYER AT Y = -(h-d) 
Y 
Figure 25. Legend same as Figure 21*.. Note change in 
geometry. 
88 
TILE DEPTH fdl-A TILE SPACING M = 50 
IMPERMEABLE LAYER M Y= HH-J) 
ISOTROPIC 
SYSTEM 
ISOTROPIC 
SYSTEM 
I TILE DEPTH Id). A TILE StoCING'ti^^ 
i I IMPERMEABLE L/SYER AT Y «flSS 
Figure 260 Legend same as Figure 24» Note change in 
geometry. 
90 
isor topic 
SYSTEM I LM 
" *'ITILEimpermeablÎ TTILE DEPTH Ml - 6 TILE SRACING . X IMPERMEABLE LSfER AT Y = -|W) 
ISOTROPIC SYSTEM ISOTROPIC SYSTEM 
TILE DEPTH (d)*6 TILE SPACING Co)= 
: ;.j IMPERMEABLE USfER AT Y « -(W 
Figure 27. Legend same as Figure 21).. Note change 
geometry. 
92 
ISOTROPIC 
SYSTEM 
ISOTROPIC 
SYSTEM 
.1 TILE DEPTH fd)-8 TILE SPACING Co) =100? 
| : IMPERMEABLE LAYER AT Y = -|W) 
' !T'LEimpepme&ble Lmte ctySIs 
a TILE DEPTH (d! • 6 TIUE SP6CING (a) = 2Q0 A IMPERMEABLE LAYER AT Y = -(h-dJ 
TILE DEPTH Id! = 8 TILE SPACING (a) = 400 
IMPERMEABLE LAYER AT Y - -U-d) 
f 
Figure 28, Legend same as Figure 24. Note change in 
geometry. 
94 
ISOTROPIC 
SYSTEM 
Figure 29» Legend same as Figure 24» Note change in 
geometry. 
96 
IbOl KOP1 
SYSTEM 
TILE DEPTH (dl = 4 TILE SPACING W = 50 TILE DEPTH (d! = 4 TILE SPACING (a) = IOO 
IMPERMEABLE LAYER AT Y = -gH IMPERMEABLE LAYER AT Y = 
I SOT TOPIC 
SYSTEM 
TILE DEPTH Id:  = 4. TILE SPACING = 400 
IMPERMEABLE LAYER AT Y= -p71" 
TILE DEPTH Id' = 4 TILE SPACING (a) =200 j||| 
IMPERMEABLE LAYER AT Y - - 2 f\ 
Figure 30. Legend same as Figure 24. Note change in 
geometry. 
98 
ISOTROPIC 
SYSTEM 
ISOTROPIC 
SYSTEM 
TILE DEPTH (di- 6 TILE SPACING Co) = 50 
IMPERMEABLE LAYER AT Y = -£TV 
TILE DEPTH Idl • 6 TILE SPACING «= 100 
IMPERMEABLE LAYER AT Y = -pt\ ~ 
ISOTROPIC _ """-A isorecpc 
SYSTEM 
TILE DEPTH Id'.' 6 TILE SPACING M = 200 
IMPERMEABLE LAVER AT Y = -%r 
TILE DEPTH fd)-6 TILE SPACING M=400 
IMPERMEABLE LAYER AT Y = ~ZF 
Figure 31. Legend same as Figure 2i|. • Note change in 
geometry. 
100 
TILE DEPTH Id) = 8 TILE SPACING (a) = 30 
IMPERMEABLE LAYER AT Y= -2/1 
TILE DEPTH (d! •& TILE SPACING (a) = 100 
! IMPERMEABLE LAYER AT Y = -2/1 
liOl TOPiC 
SYSTEM 
TILE DEPTH Id) = 8 TILE SPACING (a)=200 TILE DEPTH Idl = 6 TILE SPACING to)=400 
IMPERMEABLE LAYER AT Y = -2/V ' ~'2" : IMPERMEABLE LAYER AT Y = - 2 H 
Figure 32. Legend same as Figure 2i|. Note change in 
geometry. 
102 
TWO LAYER 
SYSTEM 
SURFACE; LAYER PERMEABILITY 
LESS THAN SUBLAYER 
SURFACE LMR PERMEABILITY 
LESS THAN SUBLAYER 
TWO LAYER 
SYSTEM 
VlLE DEPTH fd) « 2 TILE SPACING ti= 50 
TOP OF SUBSURFACE | UtfER AT Y = -t/2 (h-J) 
SftlLE DEPTH fd) • 2 TILE SPACING M = KX> 
' TOP OF SUBSURFACE ! LAYER AT Y = -M? (W) 
i" SURFACE USER PERMEABIWY LESS THAN SUBLWER % 
SURFACE UKER PERMEABILITY J 
LESS THAN SUBUTfER 
LAYER 
M 
-TILE DEPTH fd)' 2 TILE SPACING ti=40C 
TOP OF SUBSURFACE jUNER AT Y ' -t/2 (W) 
Igop OF SUBSURFACE | LAYER AT Y = -
Figure 33» Legend same as Figure 2lj.« Note change in 
geometry. 
io4 
SYST:.'.' .-.L V: 5!J3LiYtP 
TILE DEPTH til' 4 TILE SPACING M = 50 
TOP OF SUBSURFACE LAYER AT Y = - 12 I S-d ! 
TWO LAYC.7 '_LrT.%[ LAYER PERMEABILITY 
SYSTEM I.E5S THAN SUBLAYER 
TILE DEPTH (dl = 4 TILE SPACING to)-200 
TOP:OF SUBSURFACE LAYER AT Y = -1/2 th-J) 
TILE DEPTH til• 4 TILE SPACING M = IOO 
TOP OF SUBSURFACE LAYER AT Y -12 H-D ' 
TWO LAYER EUPFACE IMS PERMEABILITY 
SYSTEM LESS THAN SUBLAYER 
| TILE DEPTH (d) - 4 TILE SPACING (o)=<toO 
I TOP OF SUBSURFACE LATER AT Y = -1/2 (h-j) 
Figure 34. Legend same as Figure 24» Note change in 
geometry. 
106 
„L!Pn\CE IfflER PERMEABILITY 
LESS THAN SUBLAYER 
TWO LAYER TWO LAYER 
SYSTEM 
SURFACE UVtR PERMEABILITY 
LESS THAN SUBLAYER 
TILE DEPTH Id)» 6 TILE SPACING (o)= 50 
TOP OF SUBSURFACE LAYER AT Y » -t/2 |W) TILE DEPTH (dl • 6 TILE SR6CING U= 100 TOP OF SUBSURFACE, LAYER AT Y - -I/? Ih-d) 
TWO LAYER 
SYSTEM 
CL'PFACE LOT PERMEABIUTY 
LESS THAN SUBLAYER 
TWO LAYER 
SYSTEM 
SURFACE UNER PERMEABILITY 
LESS THAN SUBUYER 
TILE DEPTH (dl-6 TILE SPACING W=400 
TOP OF SUBSURFACE jLATER AT Y = -U2 (S-J)r ' TILE DEPTH (dl-6 TILE SPACING (a)=200 T O P  O F  S U B S U R F A C E  L A Y E R  A T  Y  =  ~l /2  (k -J)  
Figure 35* Legend same as Figure 24» Note change in 
geometry. 
108 
SUPFAŒ LMB PERMEA3IUTY 
LESS T1IAM SUBLAYER 
TWO LAYER 
5VSTL 
•_UI?Fâtt LAYER PERMEABILITY 
LESS THAN SUBLAYER 
TILE DEPTH fd) - S TILE SPACING 61) = 50 
TOP OF SUBSURFACE LAYER AT Y = -1/2 (H) 
TWO LA> 
SYSTEM 
TILE DEPTH fd!• 8 TILE SPACINGfa)= 100 
TOP OF SUBSURFACE LAYER AT Y = -|/? (Wl 
"WO LAVEIT 
SYSTEM 
:«= F-:=yEA3iuTf 
LESS TrIAN SUBLAYER 
-I'PR.'A IM PERMEABILITY 
LESS THAW SUBLAYER 
TWO 
SYSTEM 
TILE DEPTH fdl'8 TILE SPACING to=200 
TOP OF SUBSURFACE LAYER AT Y = ~VZ (H) TILE DEPTH fd) • 8 TILE SPACING (a) =400 TOP OF SUBSURFACE LAYER AT Y = - l/SIM) 
Figure 36* Legend same as Figure 2l±. Note change in 
geometry. 
110 
TWO LAYER '^UKTÛCL LAYER PERMEABILITY v, TWO LAYER SUPFtiX IAYER PERMEABILITY 
SYSTEM LESS THAN SUBLAYER -.'U SYSTEM LESS THAN SUBLAYER 
TILE DEPTH (d) » 2 TILE SPACING (o)= 50 
' TOP OF SUBSURFACE LAYER AT Y = -|/4'(h-d) 
TILE DEPTH (dl* 2 TILE SPACING (a) = 100 
TOP OF SUBSURFACE LAYER AT Y = -|/4Ïk-<J) 
TWO LAYER 
SYSTEM 
SURFACE LMR PERMEABILITY 
LESS THAN SUBLWER 
TILE DEPTH (d) « 2 TILE SPACING M =200 f J** 
TOP OF SUBSURFACE LAYER AT Y = -I/4IW) 
TWO LAYER 
SYSTEM 
SURFACE Um PERMEABILITY 
LESS THAN SUBLAYER 
liPfTILE: DEPTH til-
I TOP OF SUBSURFACE I LAYER AT Y= -1 /4 ( h-d ) 
TILE SPACING U =400 
Figure 37. Legend same as Figure 2l|.O Note change in 
geometry. 
112 
TWO LAYER UURFACL LAYER PERMEABILITY 
E55 THAN SUBLAYER 
TILE DEPTH Idl = 4 TILE SPACING (a) = 50 
TOP OF SUBSURFACE LAYER AT Y= -|/4(W) 
TILE DEPTH Id) = 4 TILE SPACING (a)100 
TOP OF SUBSURFACE LAYER AT Y = -|/4|h-d) 
»' i-ihMtAiW.irv 
y.'BLArEk 
,ÏI! S PERMEABILITY 
LLbS THAN SUBLAYER 
WO 
SYST LM 
TILE DEPTH Id) = 4 TILE SPACING M=200 
TOP OF SUBSURFACE LAYER AT Y = -|/4|h-d) 
TILE DEPTH (d; ' 4 TILE SPACING (a) = 400 
TOP OF SUBSURFACE LAYER AT Y - -1/4 |W) 
Figure 38, Legend same as Figure 21*.» Note change 
geometry. 
114 
TWO LAYER 
SYSTEM 
SURFACE LAVER PERMEABIUTY 
LESS THAN SUBLAYER 
TWO LAYER 
SYSTEM 
SURFACE LAYER PERMEABILITY 
LESS THAN SUBLAYER 
TILE DEPTH (d)» 6 TILE SPACING to = 30 ! irM; 
TOP OF SUBSURFACE LAYER AT Y = -|/À(W) - v 
TILE DEPTH fd) - 6 TILE SPACING to =100 
TOP OF SUBSURFACE LATER AT Y - -|/4\h-JÏ 
TWO LAYER 
SYSTEM 
SURFACE UtfER PERMEABIUTY 
LESS THAN SUBLAYER 
TWO LAYER 
SYSTEM 
SURFACE. UNER PERMEABIUTY 
LESS THAN SUBLAYER 
TILE DEPTH til - 6 TILE SPACING ti =2 . 
TOP OF SUBSURFACE LAYER AT Y = 
J TILE DEPTH fd) >3 TILE SPACING to =400' 
ïi TOP OF SUBSURFACE ;LJWER AT Y = -|/4r(h-d)  ^
Figure 39. Legend same as Figure 24» Note change in 
geometry. 
116 
TWO LAV!, i? 
SYSTEM 
U.V.UL I AVER PERMtABiUTY 
I t 5S THAN SUBLAYER 
TWO LAYER 
SYSTEM 
SURFACE LAYER PERMEABILITY 
LESS THAN SUBLAYER 
TILE DEPTH d _ TILE SPACING 
1 TOP OF SUBSURFACE : LAYER AT Y = 4M 
T TILE DEPTH (d)> 8 TILE SPACING W= IOO 
TOP OF SUBSURFACE LAYER AT Y - -|/4'(h-J)' 
SUSTACE LAYER PERMEABILITY 
LESS THAN SUBLAYER 
.AYLIJ 
.UPr/tE LAYER PERMEABIUTY 
LESS THAN SUBlfifER 
LAYER 
YSTEM 
TILE DEPTH (d) = 8 TILE SPACING M =200 
TOP OF SUBSURFACE LAYER AT Y = -|/4'(k-d) 
TILE DEPTH (dh 8 TILE SPACINGU=400 
TOP OF SUBSURFACE LAYER AT Y = -|/4'(H) 
Figure 40• Legend same as Figure 24« Note change in 
geometry. 
118 
Two I AVER SURFACE UNER PERMEABIUTY TWO LAYER LUPINE LAYER PERMEABILITY 
LESS I HAN SU6UYE6 ESS THAN 5USIAYEP 
TILE DEPTH til* 2 TILE SPACING30. 
TOP OF SUBSURFACE LAYER AT Y = - "71 
TILE S%CINGW=i## 
5-%-':. TOP OF SUBSURFACE LMR AT Y * -, W-
TWO LAYER udiVulCE LOTR PERMEABIUTY TWO LAYER " SURFACE LOTR PERMEABIUTY 
SYSTEM LESS THAN SUBLAYER SYSTEM LESS THAN SUBLAYER 
ËriLE DEPTH ti|.;2 TILE SPACING W#00^ 
' TOP OF SUBSURFACE. LflTER AT Y;» ' ~rt W 
TILE DEPTH W ^ 2 TILL. SPACING (a) = 400 
TOP OF SUBSURFACE LAYER AT Y * - fl 
Figure I4.I. Legend same as Figure 2k* Note change in 
geometry. 
120 
SURFACE LOTH PERMEABIUTV 
LESS THAN SUBLAYER 
TWO LAYER 
. SYSTEM 
TWO LAVEi: 
SYSTEM 
U-'k'i.XL im* HtKMkAWUil 
LESS THAN SUBLAYER 
TILE DEPTH Id)«4 TILE SA1CINGti'lOO 
TOP OF SUBSURFACE LAYER AT Y = ; n 
jam 
- TILE DEPTO ÛiW^"TiLEfS. 
TOP OF SUBSURFACE1 LAW ATrY^l 
A'-
Figure 1|2. Legend same as Figure 2l|.. Note change 
geometry. 
122 
UKWE LAYER PERMEABIUTY SURFACE LAYER PERMEABIUTY I WO LAYER TWO LAYER 
SYSTEM 
TILE DEPTH til' 6 TILE SPACING W= 50 
TOP OF SUBSURFACE LAYER AT Y = - n 
TILE DEPTH til' 6 TILE SPACING W = IOO 
TOP OF SUBSURFACE LAYER AT Y = - n 
TWO LAYER SURFACE IMR PERMEABIUTY 
JAM Cl ID! AVFD 
TWO LAYER SURFACE LATER PERMEABIUTY 
LESS THAN SUBLWER 
TILE DEPTH tit" 6 TILE SPACING Co) =200 
TOP OF SUBSURFACE LAYER AT Y = - "n 
TILE DEPTH Id)-6 TILE SPACINGU=400' 
TOP OF SUBSURFACE LAYER AT Y = - '/I 
Figure 43» Legend same as Figure 24« Note change in 
geometry. 
124 
TWO LAYER i'l IMABIUIY URFACE LffYER PERMEABILITY 
LESS THAN 5UBUYER. SUBLAYER 
TILE DEPTH Ml* a TILE SPACING fa) =30 
TOP OF SUBSURFACE LAYEP AT Y = - 'n 
TILE DEPTH (d! - 6 TILE SPACING M = IOO 
TOP OF SUBSURFACE LAYER AT' Y - - n 
SURFACE LAYER PERMEABIUTY 
LESS THAN SUBUYER • 
TWO LAVER LI?I AIL LAYER PERMEABIUTY 
LESS THAN SUBLAYER 
TWO LAYER 
SYSTEM SYSTEM 
TILESRACING.tiâ 'TILE DEPTH fd)* 8 : „uu.-r~,™. 
iTOR OF SUBSURFACE^UCfER y AT&SSsâs 
TILE DEPTH fd)» 8 TILE SPACING (a) =400 
TOP OF SUBSURFACE LAYER AT Y = - 'A 
Figure Legend same as Figure 21).. Note change in 
Geometry. 
126 
SUHIAC.L L«EK PERMEABILITY 
GREATER THAN SUBLAYER 
LAYER SURFACE l«ER PERMEABILITY 
TILE DEPTH fd) - 2 TILE SAUCING (a)=5 
TOP OF SUBSURFACE LATER ATY = -i 
TWO LAYER 
SYSTEM 
TWO LAYER SURFACE IMR PERMEABILITY.5 0- LAYER SURFACE 
Figure l\.$. Legend same aa Figure 2I4.. Note change in 
geometry. 
128 
TWO LAYER : .v.v. : .V.i-i i-VUHLITY TWO LAYER SURFACE LAYER PfMEABIUTY 
GREATER THAN SUBLAYER 
TILE DEPTH IJ' -• TILE SPACING M =50 
TOP OF SUBSURFACE LAYER M Y - -l<?!h-<j> 
TILE DEPTH Id).A TILE SPACING W=ÏO& 
TOP OF SUBSURFACE LATER AT Y = - IZSIS-ti) 
TWO; LAYER 
SYSTEM.. 
SURFACE ijm .PERHEWTY 
GIBIER.•mAN.SUBLAYER 
TILE DEPTH (d) " 4 TILE SPACING M=2QQ 
TOP OF SUBSURFACE LAYER AT Y= -1/2IW) 
TILE DEPTH (,j 
TOP OF SUBSURFACE 
MCI MP !,i T/IOO 
'••I •>' • \Z \-i 
Figure lj.6. Legend same aa Figure 2lf. Note change in 
geometry. 
130 
'.ut",'..' UUH i'-iWI.ABILITY 
GRLA'LK !i)BLAYER 
TWO LAY LI 
SYSTEM 
TWO LAYER 
SYSTEM 
5UKM® „ , 
6REAÎIR THAN SUBLW 
TWO LAYER 
SYSTEM 
SUNFÎŒ 'JSrEK KMIEAaiUTY':-
GREATER THAN SUBLAYER 
; TILE DEPTH (d) =6 TILE SPACING W=400 
TOP OF SUBSURFACE LAYER AT Y= -Itfth-dj 
' TILE DEPTH (d)-6 TILE SPACING 
TOP OF SUBSURFACE LAYER AT Y = - IZ?(W) ' 
Figure I4.7• Legend same as Figure 21}. • Note change 
Geometry. 
132 
TWO .t'AYER SURFACE L'iYER .PERMEABILITY 
: ÇTriST .SUgLAYER . 
." THE DEPTH Id) T'81 TILE SAUCI 
POF SUBSURFACE LAYER AT Y = 
r, 
1 V r fit Èsa^ut%)a»œj,îB 
TWO LAYER SV»6Ct UttEH KRKtAMLlTY 
SYSTEM GREATER THAN SUBLAYER 
TILE DEPTH (dl-8 TILE SPACING(o)=200. 
TOP OF SUBSURFACE LAYER AT Y = -IZSIh-d) 
TILE DEPTH (d)'a TILE SPACING ti=400>: 
TOP OF SUBSURFACE LAYER AT Y = -V@WW " 
Figure 1+8» Legend same as Figure 21+• Note change 
geometry. 
134 
: I ,~it« I1WA8U1Y liWMl'.K IMAM '«JBLAlER SYST LM TWO LAYER :;URfAŒ L/1YER PERMEABILITY SYSTEM GREATER THAN SUBLAYER 
WStk "-TILE DEPTH (d) •,-». TILE SMCINgg 
li&'^ TOP.OF SUBSURFACE SUM3* ?W*?JS5f 
TWO LAYER 
; SYSTEM 
SURFACE LMR 
TILE DEPTH (d) • 4 TILE SPACINGti =200! 
TOP OF SUBSURFACE LAYER AT Y = -I/&HW) '--'##8 
TILE DEPTH (di * 4 TILE SPACING (o) =400 
TOP OF SUBSURFACE LAYER AT Y = -|/4(h-d* 
Figure 1+9. Legend same as Figure 21*.. Note change in 
geometry. 
136 
rW0 LAYER sisect UW PERMEABILITY • =•<**• 
SYSTEM GREATER THAN SUBLAYER . 
TWO L AV'_ f ! M/CU r.I CjlJt f nil ITV 
SYSTEM tilftMER THAN SUBLAYER'' 
TWO LAYER 5URMŒ UKtR PERMEABILITY 
SYSTEM GREATER THAN SUBLAYER 
TWO LAYER 
. SYSTEM 
SURFACE 0X18 PfRMEABIUTY 
1TILE DEPTH (d!-6 TILE 
TOP OF SUBSURFACE LAYER AT Y = -l/ilh-rf) 
TILE DEPTH (d)'6 TILE SPACING W =300 
TOP OF SUBSURFACE LAYER AT Y = -I/4IW) 
Figure 50. Legend same as Figure 21+. Note change in 
geometry. 
138 
TAO LAYER 
SYSTEM 
SU»ACT USER PTRMTAKUTY 
BRLAIER THAN SUBLAYER 
TWO LAYER 
.SYSTEM 
SURFACK LAVER WEABIUTY 
..GREA1ER THAN SUBUYER 
TlLEDEPTHti) 
'O LAYER 
SYSTEM 
SURFACE UKER PERMEA 
GREATER THAN SUBLAYER 
0 LAYER 
SYSTEM 
SURFACE 
GREATER,THAN 
TILE DEPTH (dl • 8 TILE SPACING ti=2QQ 
TOP OF SUBSURFACE LAYER AT Y = -|/4(h-d) 
TILE DEPTH U-ft TILE SPACING M = 400 
TOP OF SUBSIIRW! L .'-YE P M Y • -1 /4 : h-d 1 
Figure £l. Legend same as Figure 21+. Note change in 
geometry. 
ll+O 
•- I',(IL I,OP , 
TILE DEPTH (dH"3 TILE SPACING to = 100 
IMPERMEABLE LAYER KT Y = --pn™ 
TlLE DEPTH Id: -19 TILE SPACING (a! =200 
IMPERMEABLE LAYER H Y= -2/1 
TILE DEPTH (d) = 15 TILE SPACING U =200 
IMPERMEABLE LAYER AT Y = - pn 
